In this study, the influence of sonication time on the biogenic amines formation as a critical point in uncured dry-fermented beef manufacturing was studied. Samples of musculus semimembranosus were sonicated at different times (5 and 10 min) using ultrasound cold bath (4°C) in acid whey (US 40 kHz and acoustic power 480 W). The effect of sonication on biogenic amine (BA) formation was investigated during 93 days of ripening period. Other parameters (pH value, water activity, microbial counts) that might provide further information on the product under study were also determined. The use of ultrasound during beef marinating in acid whey has a positive effect on retarding histamine (HIS), cadaverine (CAD), tyramine (TYR) and putrescine (PUT) formation. Moreover, the sonication treatment did not inhibit the growth of lactic acid bacteria (LAB) in dry-fermented beef during the whole ripening period. The pathogen bacteria (Staphylococcus aureus, Clostridium sp., Listeria monocytogenes) were not detected in all samples neither after 31 nor after 93 days of ripening period.
Introduction
Today, consumers increasingly prefer high-quality products that are minimally processed, free of chemical preservatives and safe. Therefore, the meat manufacturers are looking for new technologies that can achieve this in processing and storage period. The presence of nitrate and nitrite in fermented meat products contributes to the safe action against potential presence of Clostridium botulinum but also the formation of nitrosylmyoglobin that gives the characteristic reddish colour to the product (Toldr a & Reig, 2011) . Despite the given advantages, nitrite can be converted into the nitrosating agent nitric oxide (NO) which can react with secondary amines to form carcinogenic Nnitrosamines (Honikel, 2008) . The previous studies documented the impact of acid whey on oxidation stability, colour, flavour properties and proteolytic transformations, as well as the formation of biogenic amines in aged meat products in the context of replacement of sodium nitrite with acid whey (W ojciak et al., 2015; W ojciak & Solska, 2016) . Authors proved that the use of acid whey as the replacer of sodium nitrite in meat products manufacturing inhibits the growth of undesirable microflora, extending storage durability of aged meat products even up to 36 months (W ojciak et al., 2015) . Moreover, W ojciak et al. (2015) documented the possibility of formation of a reddish colour of meat desired by the consumer (nitrosylmyoglobin) in dry-aged meat products cured with acid whey.
Ultrasound could find application in meat industry to accelerate the salt penetration during brining of meat, reducing cooking time, decreasing time of curing process, reducing ageing time of products and even controlling the salting process with no negative effect on products' quality (Alarc on-Rojo et al., 2015; Garc ıa-P erez et al., 2015; Kang et al., 2017; Zou et al., 2018) . Power ultrasound (low frequency ultrasound) by cavitation process can help with marinating, drying and curing of the meat tissue. Ultrasonic techniques are also considered as a promising non-thermal processing method which is extremely important during fermented meat production process. High power ultrasound (low frequency and high-intensity -20-100 kHz) is known to damage or disrupt biological cell walls which will result in the destruction of living cells of various types of bacteria harmful for human health: Campylobacter spp., Escherichia coli or Bacillus cereus spores from food. Unfortunately, very high intensities are needed if ultrasound alone is to be used for permanent sterilisation. The combination of different sonication time with lactic acid or heat treatment enhanced the microflora inhibition effect (KordowskaWiater & Stasiak, 2011; Musavian et al., 2014; Evelyn & Silva, 2015) .
Ultrasound irradiation is applied in organic reactions due to its special sonochemical effect. The extremely high temperature and pressure of hot spots caused by the cavitation transferred to the organic molecules a high amount of energy which is absorbed and dramatically raises their intrinsic energy. Due to the ultrasonically induced thermal-pressure effect, a lot of molecules can meet the demand for the active energy in a given reaction, leading to the apparent improvement of the reaction efficiency. But keep in mind that the thermal effect resulted from the classical heating and ultrasound irradiation can lead to entirely different chemical outcomes, especially when the ultrasound is applied in a complex of substances or influences animal tissues. In particular, the oxidation of amines depends also on the intensity of the treatment (i.e. density of energy, application time), and physical and chemical properties of the material (Liang et al., 2016) .
With regard to uncured fermented meat products, it is important from the safety point of view to maintain the content of biogenic amines at an appropriate level. For instance, HIS and TYR may induce migraines and hypertensive crises in sensitive individuals (Latorre-Moratalla et al., 2008) . Moreover, PUT and CAD are known to intensify the adverse effects of HIS and TYR as they compete for some of the mechanisms involved in their detoxification (Bardocz, 1995) . Studying the EFSA (2011) report we can find the information that fermented meat products containing high amount of BAs. The most frequent and abundant BAs in this category of meat products are HIS, TYR, tryptamine (TRYP) and phenylethylamine (PHE) (Tasi c et al., 2012; Laranjo et al., 2017) . HIS and TYR are considered as the most toxic ones and consequently particularly relevant to food safety (EFAS Panel on Biological Hazard (BIOHAZ), 2011). Nu nez et al. (2016) have stated that foods containing more than 500 mg kg À1 of HIS and 1000 mg kg À1 TYR are considered potentially dangerous for human health. Victor et al. (2010) have reported that total BAs content in food should not exceed the level of 750-900 mg kg À1 . Previous research pointed out that the microbiological presence and bioactive compounds from acid whey did not inhibit the production of BAs in the analysed samples (W ojciak & Solska, 2016) . However, the use of ultrasound coupled with other decontamination techniques like acid whey was not studied before. There is a reason to believe that this new kind of hurdle technology (high power ultrasound with acid whey combination) could decrease the BAs accumulation in uncured fermented beef.
In this study, the influence of different time of high power ultrasound treatment during marinating beef in acid whey environment on biogenic amine accumulation (as critical point) during ripening of uncured dryfermented beef was studied. Other parameters (pH value, water activity, microbial counts) that might provide further information on the product under study were also determined.
Material and method

Dry-fermented beef preparation
Musculus semimembranosus obtained from Limousin cattle with a body weight of approx. 400-450 kg were excised at 24-h postmortem. After 48-h postmortem, three groups of semimembranous muscles were marinated in acid whey for 24 h at a temperature of 4°C. The muscle samples treatment was performed in an ultrasound laboratory batch processor at a wave frequency of 40 kHz and acoustic power 480 W. The muscle samples were immersed in the liquid. Treatment was performed for 5 min (WU5) and 10 min (WU10), respectively. To reduce any thermal effects (dissipation) during sonication, cold acid whey (4-6°C) was used each time before starting and during treatment. The final temperature of the liquid did not exceed 20°C. Afterwards, all muscles were dry-salted using a surface massage with sea salt and glucose mixture at a ratio of 3.0% and 0.6% in relation to the meat mass, respectively. Products were subjected to 31 days ripening process at a temperature of 16°C and relative humidity of 75-85%. After that, the muscles were cold smoked (approx. 26°C) for an hour and then aged at 4°C for 93 days. Products were tested during the ripening process at 31, 62 and 93 days. The following experimental variants (25 kg for each sample) have been prepared (Table 1) . Three repeated independent experimental trials (replications) were conducted. In each trial, measurements were made in triplicate.
pH and water activity deterioration
Acidity was determined by measuring pH value with the use of CPC 501 digital pH/conductivity meter (Elmetron, Zabrze, Poland) and ERH-111-type combined electrode (Hydromet, Gliwice, Poland). The analysis of the water activity (a w ) of the product was conducted at temperature of 20°C with the use of LabMaster device (Novasina AG, Lachen, Switzerland).
Microbial analysis
Twenty grams of sample were homogenised with 180 mL of peptone water for 1 min in a Stomacher Lab Blender 400 (Seward Medical, London, UK) and decimal dilutions were prepared. The population of LAB was determined by spread plating counting onto MRS agar anaerobically (Merck Co, Darmstadt, Germany) and the total viable counts (TVC) on Plate Count Agar (Merck Co, Darmstadt, Germany) both agars were incubated at 30°C for 72 h ( 
Biogenic amine concentration
The biogenic amine extraction process was carried out by homogenising 2.5 g of each meat samples with 25 mL of 10% trichloroacetic acid in a homogenizator (IKA T25D Germany) (13 835 g, 1 min). Homogenised sample was left for 1 h in fridge. After that samples were centrifuged at 1537 g for 20 min at 4°C (MPW 350R, Poland). The supernatants were filtered through a Whatman No. 1 filter, passed back through a 0.22 lm nylon filter (Alfachem, Poland) and then placed in vials into the auto-sampler and stored at 4°C until analysis. Analysis of biogenic amines was performed in triplicate using an AAA500 amino acid analyser (Ingos, Czech Republic), equipped with an Ostion LG AAA8 ion-exchange column (3.6 9 100.8 lm). Separation was performed by a stepwise gradient elution using Na + /K + citric buffers. Colorimetric detection was at 570 nm, after post-column derivatisation with ninhydrin. The operating parameters were: column temperature of 75°C, eluent flow rate of 0.30 mL min À1, reagent flow rate 0.20 mL min À1 , reactor temperature of 120°C and sample volume of 100 mL. Determination of biogenic amine (histamine, tyramine, putrescine, cadaverine, spermidine, agmantine, spermine) was confirmed by comparing the retention times of the particular biogenic amine standards (all the amine standards were supplied by Ingos, Czech Republic) with those of the components present in the samples. Biogenic amine concentrations were reported as mg g À1 of meat.
Statistical analysis
The obtained results from three independent studies in three replications were analysed by the KYplot 5.0 statistical program. The significance of the differences between mean values was calculated at a significant level of P < 0.05 using the T-Tukey's range test.
Results and discussion
Determination of pH and water activity value
The pre-requirements necessary for BA formation are assured by amino acids availability (content of free amino acids) and presence of decarboxylase positive microflora. The pH value, temperature, water activity, redox potential and oxygen availability can stimulate or inhibit the microorganisms' development and synthesis of decarboxylases (Bover-Cid et al., 2014; Suzzi & Torriani, 2015) . It was noted that pH parameter of sample marinated in acid whey (W) characterised significantly (P < 0.05) higher value (5.87) compared with other samples after 31 days of ripening (Table 2) . After 62 days of ripening, it was noted that the sample subjected to ultrasound treatment for 10 min (WU10) characterised the lowest (P < 0.05) pH value (5.6). After 93 days of ripening, it was observed that the sample WU5 characterised the highest (P < 0.05) pH value (6.35) from all study samples which may be due to increased release of proteolytic enzymes, increasing the availability of amino acids, as well as deaminases that release basic amines (Huang et al., 2017) . In all samples except WU5, the pH values showed an initial increase (62 day) and then constant or eventual rise (93 day). During ripening, the pH values increased progressively, probably due to the release of the amino groups coming from the decarboxylation and deamination reactions of the amino acids (Lucke, 1994) . Dry-fermented beef did not have a clear acidification due to the missing lactic acid producing starter culture. The behaviour of this parameter corresponds to the course described by De Mey et al. (2015) found an increase in pH after sonication. The water activity (a w ) analysis revealed that the lowest a w value (0.858) was observed for sample WU5 and the highest (P < 0.05) for sample WU10 (0.891) after 31 days of ripening (Table 2) . After 62 days of ripening, it was noted that significantly (P < 0.05) higher value of water activity parameter (0.864) characterised sample WU5 (ultrasound application for 5 min). After 93 days of storage, it was noted that a w value of sample W was significantly (P < 0.05) lower (0.814) compared to other samples. The significant (P < 0.05) decrease in water activity was observed during ripening period for all the studied samples. The behaviour of this parameter corresponds to the course described by Stadnik & Dolatowski (2012) for drycured loins and by Virgili et al. (2007) for dry-cured ham. As can be seen in Table 2 , values of a w were dropping continually (P < 0.05) up to 93 days of ripening. The pH values of all the treatments increased (P < 0.05) and the a w decreased (P < 0.05) as ripening progressed. The increase in pH value and decrease in a w indicated production of low molecular weight nitrogen compounds from decomposition of meat proteins by meat and microbial enzymes during storage (Marra et al., 1999) . The average a w in dry fermented beef was similar to that found by Stadnik et al. (2014) for drycured loins. In shelf stable products, the pH must be lower than 5.2 when the water activity is 0.95 or higher (Toldr a, 2007) . To reduce the spoilage of mildly fermented sausages (pH 5.2), the water activity in the commercial products is lower than 0.91.
Determination of biogenic amine content
Fermented meat products are mentioned as principal sources of biogenic amines since fermentation processes promote the formation of BAs. The BA mostly present in meat product are CAD, PUT, TYR, HIS, TRYP, PHE, agmatine (AGM), spermine (SPM) and spermidine (SPD) (Bover-Cid et al., 2014; Suzzi & Torriani, 2015) . There were no significant differences in TYR, PUT, CAD and SPM concentration between samples after 31 days of ripening. The significant (P < 0.05) difference was observed only in HIS concentration between samples after 31 days of ripening. However, at the end of the process, the HIS, TYR, PUT and CAD content for WU10 sample was significantly (P < 0.05) lower compared to other samples (Table 3 , Fig. 1.) . Ultrasound inactivation of microorganisms is perceived in a series of complex physicochemical processes, at the base of which are rapidly changing mechanical stresses, dissipation of energy, cavitation together with the whole range of derivative phenomena. In our study, due to the emergence of fast-changing large stress gradients, the decarboxylasepositive microbial cell membranes could be damaged. Results of research carried out by Dolatowski & Stasiak (2002) proved that ultrasound processing of beef before curing caused a significant reduction in the number of aerobic bacteria from 5.70 to 4.60 log cfu g À1 . However, ultrasonic beef processing did not cause significant changes in the number of LAB. HIS was not detected only in WU10 sample. Sonicated samples have significantly (P < 0.05) lower value of HIS content compared to other samples after 31 (WU5, WU10) and 93 days (WU10) of ripening, respectively. For HIS the safe threshold considered for healthy individuals was 25/mg/meal/person, but below detectable limits for those with HIS intolerance (EFAS Panel on Biological Hazard (BIOHAZ), 2011).
In case of TYR, W sample was characterised by significantly (P < 0.05) higher content of this amine during all production process compared to other samples. The significant (P < 0.05) decrease in PUT (Table 3) .
The TYR was the second BA detected in uncured dry-fermented beef where it represented 22% of total BAs. At present, the limits for TYR that have been proposed in the EU are only recommendations, but they do not have any legal values. This limit is 600 mg kg À1 (EFAS Panel on Biological Hazard (BIOHAZ), 2011) According to EFSA report (2011), 50 and 6 mg kg À1 is the limit for not observing adverse health effects in patients taking third-generation monoamine oxidase inhibitors (MAOI) and classical MAOI, respectively. According to this, only the TYR amount formed in dry-fermented beef W and WU5 could provoke symptoms when individuals eat more than 9160 g and 9404 g, respectively. LatorreMoratalla et al. (2010) reported that 48% of LAB and 13% of staphylococci isolated from spontaneously fermented meat products are able to decarboxylate tyrosine to form TYR. In dry retail sausages, HIS concentrations of 0.654 mg g À1 dry matter and TYR up to 1.506 mg g À1 dry matter were found (Vandekerckhove, 1977) . High intensity ultrasound treatment for 5 min could result in susceptibility of meat proteins to proteolysis and what is connected with it, the greater possibility of biogenic amine production. Latorre-Moratalla et al. (2017) found high HIS contents, reaching 0.475 mg g À1 which was accompanied by high level of other BAs. CAD was the dominant BA in all studied samples where it represented 52% of all BAs. Hern andez-Jover et al. (1997) and Rabi et al. (2010) found that mostly TYR and CAD were the main BAs formed during fermented meat production process. Unfortunately, there is still a lack of information about the safe dose of PUT and CAD (EFAS Panel on Biological Hazard (BIOHAZ), 2011). The high level of total biogenic amine ( Fig. 1. ) in all studied samples might be explained by the high initial microbial levels (7.88 log cfu g À1 ) of raw materials before manufacturing.
The pH is an important factor for the formation of BAs. Decrease in pH results in increasing decarboxylase activity of bacteria as part of their protective mechanism against acidic stress. The loss of a carboxylic group contributes to pH increase (Gardini et al., 2016) . The ability of starter culture to produced organic acids did not reduce the TYR production. However, rapid reduction of pH at the beginning of the fermentation step inhibits the growth of ornithine decarboxylase-positive microorganism.
The relationship between the PUT, CAD and TYR concentration and pH value was found (Fig. 2a,b,c) which suggested greater biological active amine formation (PUT, CAD) in low-acidity environment. For TYR the higher environment acidity stimulated decarboxylation of threonine (Fig. 2c) .
Microbiological assessment
The LAB in acid whey was on the level of 3.87 log cfu g À1 and TVC was on the level 4.86 log cfu g À1 . The LAB and TVC in raw beef were on the level of 7.51 log cfu g À1 and 7.66 log cfu g À1 , respectively. Microbiological assessment did not show the pathogenic bacteria Clostridium sp., S. aureus and L. monocytogenes presence after 31 and 93 days of ripening period (Table 4) . High presence of LAB was observed for all studied samples during ripening. Slight decrease in LAB was noted for all studied samples after 93 days of ripening, except for sample WU5. In case of this sample, slight increase in LAB count was observed. The sonication treatment did not inhibit the growth of LAB in dry-fermented beef during all ripening period. Application of US in environment of acid whey may exert different effects on microbial cell growth, according to the intensity of the treatment (time) and the sensitivity of the microorganism to US. Growth stimulation by US is reported for several microorganisms (Mota et al., 2017; Hashemi et al., 2018) . Sonication may have caused the formation of micro-pores in the bacteria cell membrane which results in increasing cell permeability and acceleration of substance exchange (Mota et al., 2017) . During US treatment, the meat structure is disturbed, which results in its better saturation with whey ingredients, including lactose, which is a growth medium for lactic acid bacteria. Alves et al. (2017) reported that exposure to US improved the growth of lactic acid bacteria around 0.3-0.4 log cfu g À1 after 3 and 9 min of sonication compared to non-sonicated sample. Other authors also reported that sonication resulted in higher count of mixed culture (S. thermophiles, L. delbrueckii subsp. bulgaricus) compared to untreated inoculum (Baruk ci c et al., 2015) . Amine decarboxylases are synthesised by microorganisms present in food especially by Bacillus, Clostridium, Klebsiella, Escherichia, Proteus, Salmonella, Shigiella, Photobacterium. However, some strains of Lactobacillus, Pediococcus and Enterococcus are also able to produce BA from one or more amino acids (Suzzi, 2003) . Bover-Cid et al. (2001) stated that L. brevis and L. curvatus have the ability to decarboxylate tyrosine, lysine, ornithine into TYR, CAD and PUT, respectively. Gardini et al. (2016) suggested that presence of BAs is associated with a high growth (>7.0 log cfu g À1 ) of amino-positive bacteria. Pessione et al. (2016) claimed that LAB are the most important producers of BAs because they use this metabolic pathway to create energy (through a proton gradient) and to alkalinise the environment. Bermudez et al. (2012) pointed out that especially staphylococci, especially S. equorum, S. epidermidis, S. saprophyticus, S. pasteuri, exhibit PUT and CAD production.
Conclusion
It was hypothesised that the use of ultrasound with acid whey combination could decrease the BAs accumulation in uncured fermented beef. This was supported by the findings for the WU10 sample. The use of ultrasound during beef marinating in acid whey has a positive effect on retarding HIS, CAD, TYR and PUT formation. Moreover, the sonication treatment did not inhibit the growth of LAB in dry-fermented beef during the whole ripening period. The pathogen Sample: C, control with sea salt; W, acid whey; WU5, ultrasound treatment for 5 min; WU10, ultrasound treatment for 10 min.
bacteria (S. aureus, Clostridium sp., L. monocytogenes) were not detected in all samples neither after 31 nor after 93 days of ripening period.
